[1] Dark mobile materials on Mars are widely considered to be volcanically derived windblown particulates. Such a conclusion is consistent with the large volcanic edifices on Mars and the assumption that a volatile-rich crust would not favor significant impact melt generation. Several post-Viking discoveries, however, provide new perspectives for reconsidering alternative origins not only for some of the mobile dark veneers but also certain materials at the Pathfinder and Viking landing sites. First, certain dark materials on Mars do not exhibit the expected mafic absorption features in their reflectance spectra. Second, the Pathfinder mission revealed unexpected feldspathic compositions of vesicular blocks that lead to a preliminary conclusion that they represent andesites or basaltic andesites, rather than basalts. Third, recent discoveries of Holocene to Miocene impacts in Argentine loessoid deposits provide new insights for the nature of melts generated from eolian sediments. Fourth, global dispersal of impact melt products are now recognized in the terrestrial record throughout the Cenozoic. Consequently, the generation and preservation of impact glass on Mars should be reconsidered. Possible occurrences include possible tektite-like strewnfields downrange from recent oblique impacts, dark avalanches emerging from backwasting cliffs of easily eroded unconformable deposits, global dispersal of glassy ejecta from Hesperian and Amazonian craters of Chicxulub scale, and dark mobile veneers emerging from Noachian craters. We propose that the mobile dark materials comprising many of the named features of Mars as well as some blocks at the Pathfinder/Viking landing sites may represent impact-melt products.
Introduction
[2] Impact heating on Mars has largely focused on its possible role in melting ground ice [e.g., Carr, 1989] or creating conditions conducive for primitive life [e.g., Newsom, 1980] . The possible effect of water and carbonates on the impact process has led several studies to conclude that large melt sheets would be less likely on Mars [Kieffer and Simonds, 1980] and that ejecta would be hydrothermally altered during entrainment in the expanding vapor cloud [Blaney, 1998] . Such conclusions are largely based on field and theoretical studies of terrestrial craters where impacts into sedimentary sequences typically result in dispersed glasses, rather than melt sheets. Although coherent melt sheets may not be produced from sediments or soils [Kieffer and Simonds, 1980] , large impacts on Earth do generate large quantities of impact melt, as evidenced by tektite strewnfields [Glass, 1989; Schnetzler, 1992; Glass and Pizzuto, 1994] . Such products, however, are either rapidly buried, weathered to clay, or widely dispersed in oceanic sediments; consequently, they gain attention largely as tracers of distant events. For example, the long-sought source crater for the North American tektite strewnfield has only recently been associated with the Chesapeake Bay impact structure [Koeberl et al., 1996] . The source crater for the Australasian strewnfield, however, has yet to be identified.
[3] On the Moon, impact melts generally occur on crater floors or ponds on crater rims. Even though the lunar crater Tycho is surrounded by a veneer of glassy ejecta [Hawke and Bell, 1981] , the low lunar gravity and absence of an atmosphere preclude retention of most high-speed impact melt products, which would have been captured on the Earth. For reference, escape velocity on the Moon would result in a ballistic range of only $400 km on the Earth (for a nominal 45°ejection angle). Glasses and melts mixed within the continuous ejecta, also are largely hidden from remote sensing and sample recovery. These results contribute to a general perception that impact melts and glasses should not significantly contribute to the Martian record, other than as weathered debris.
[4] Most of the Martian surface preserves an impact record dating beyond $0.8 Ga [Tanaka, 1986] . More recent surfaces either are covered by eolian deposits or are recently exhumed [e.g., see Ward, 1979; Francis and Wood, 1982; Schultz and Lutz, 1988] . Consequently, debris from impacts on Mars collect over a time equivalent to the Proterozoic into the Archean of the Earth. In contrast with most regions on Earth, surfaces on Mars accrete ejecta from each successive impact and preserve these deposits until reworked by wind, broken down by in-situ weathering, redistributed by other impacts, or simply buried. The recovery of tektites and meteorites on the Australian deserts illustrates an analogous terrestrial relict surface over the last 750,000 years.
[5] Table 1 compares contributions of glass from wellknown terrestrial impact events and reveals the importance of infrequent large impacts to the global accumulation of impact debris. It hides, however, two important facts relevant to Mars. First, smaller, more recent impacts can contribute significant deposits regionally. Second, the entire impact record on the Earth over the last 65 Ma is clearly not represented in this table. Such materials are eroded, dispersed, destroyed, or hidden in the stratigraphic column on Earth rather than collected on or near the present surface, as they are on Mars.
[6] Such statistics prompted the question of generation and preservation of impact glass across Mars [Schultz, 1994; Bouska and Bell, 1993; Bell et al., 1997; Schultz and Mustard, 1998 ]. More recently, Lorenz [2000] considered the possible delivery of microtektites to the polar layered deposits based on the well-known ejecta-decay scaling relations and impact probabilities. The present contribution elaborates on the possibility of localized thicker melt deposits since the early Hesperian and reconsiders the concentration of such deposits in downrange strewnfields.
[7] For Mars, our strategy is twofold. First, models of impact melt generation and dispersal on Mars are reconsidered. This discussion includes the expected thickness of deposits, the nature of the ejecta, melt generation by impacts into loess, and possible downrange strewnfields from oblique impacts. Second, supporting evidence (geologic and spectral) for impact materials in different geologic settings are examined. Here we assess plausible occurrences within and around impact craters and consider possible examples of downrange strewnfields of impact glass from specific oblique impact craters. Such considerations do not preclude the contributions by volcano-clastic materials but provide an alternative perspective for Martian surface material that is testable from current and future missions.
Distribution of Impact Melt and Glass
[8] There are three types of impact debris expected on Mars: distal clastic debris (breccias, fallout dust), distal glasses (tektite and microtektites), and proximal melts (including glassy impactites). We first consider the cumulative contribution of ejecta, regardless of physical state over time. Second, we address the likelihood of distal impact glasses and tektite-like materials on Mars based on terrestrial analogs. Third, we assess the downrange dispersal of debris from oblique impacts in more detail. The distinction here between impact melt containing igneous textures and impact glass (or melt-matrix breccias) is not important initially but will be addressed in a subsequent section dealing with possible identification from spectral remote sensing.
Ejecta Distributions
[9] Possible global accumulations of distal ejecta over time on Mars can be inferred from the cratering record. Ejecta-scaling relations for gravity-controlled crater growth provide a first-order estimate for the distribution of distal components [e.g., Housen et al., 1983] 
where t is the ejecta thickness (or ejecta mass per unit area divided by the density); R is the ''apparent'' transient crater radius (pre-collapse radius referenced to the original target surface); r is the range or distance from the crater center; w is an exponent that depends on the energy/momentum coupling (=2.61); and k is an empirical scaling constant (=0.032).
[10] Crater radius can be estimated from the independent variables using the gravity-controlled scaling relations proposed by Schmidt and Housen [1987] . The following specific relation is used here: where g is the gravitational acceleration, v i is the vertical component of the impact velocity striking the surface at angle q (with respect to the horizontal), and d represents the density of the target (t) and projectile (p), both of which are assumed equal for consideration here.
[11] For the purpose of discussion, equation (1) provides first-order estimates for the relative contributions from different size craters. Because we observe the final rim-torim (not the ''apparent'') modified crater, two further corrections are needed before applying equation (1): the first, to account for the effects of slumping, which increases to the rim-rim diameter by $0.25 R [Schultz, 1988a] ; the second, to reference dimensions to the ''apparent'' diameter, which is a correction of another 0.25R from the slumpcorrected rim-rim radius. The combined factors result in observed rim-to-rim diameters $56% larger than the diameter used in the excavation calculation.
[12] Equation (1) applies beyond $4 crater radii but becomes less appropriate both closer to the rim and at much Glass [1982] . b Values range from 3 Â 10 14 g [Koeberl, 1989 ] to 40 Â 10 14 g [Glass, 1988] .
greater distances [Schultz et al.,1981; Housen et al., 1983] . Near the crater, atmospheric and substrate effects on Mars modify ballistic ejecta emplacement [e.g., Schultz, 1992a; Barnouin-Jha and Schultz, 1996; Stewart and Ahrens, 2003] and produce the multilobate flows that depart from the simple decay law. At very great distances, ejecta are derived from the early stages of crater growth when simple excavation flow does not apply. Such ejecta either are entrained and accelerated in expanding vapor [e.g., Jones and Kodis, 1982] or retain a downrange component of the impactor momentum due to impact angle [e.g., Schultz, 1992b; Schultz and D'Hondt, 1996; Schultz, 1999] , as discussed further in a subsequent section. Nevertheless, equation (1) is often used in order to assess first-order distal contributions [e.g., Lorenz, 2000] or even to estimate the size of the parent crater [e.g., Glass and Pizzuto, 1994] .
[13] Ejecta launched at high velocities will contribute to a global fallout. Even the tenuous Martian atmosphere will serve to decelerate, disrupt, suspend, and disperse the finer fractions re-entering at hypersonic velocities, analogous to the terrestrial global fallout layer at the KT Boundary [Alvarez et al.,1980] . On the Earth, the high-velocity components are decelerated and ablated at high altitudes [see Schultz and Gault, 1982; Zahnle, 1990] . The Martian atmospheric density is comparable to the terrestrial atmospheric density at an altitude of $30 km. The fate of this high-velocity, fine-grained component on Mars, therefore, should resemble those for the distal materials on Earth. Consequently, a simplifying assumption is made that any ejecta launched at velocities higher than 3 km/s will simply contribute to a global fallout layer due to suspension and transport of the fine ablation products in the upper atmosphere. The finest fraction, however, may ultimately be transported and deposited at high latitudes due to atmospheric circulation patterns [Cho and Stewart, 2003] .
[14] Figure 1 includes results of the first-order calculation and reveals the relative importance of infrequent larger impacts. Since the early Amazonian period (0.7 to 1.8 Ga depending on the assumed cratering flux, e.g., see Tanaka et al., 1992) , a single crater $150 km in diameter (observed) would contribute a global fallout layer $10 cm thick. This would comprise almost 25% of the total possible accumulation from all craters up to that time. The Amazonian corresponds to the maximum age of the present polar layered terrains and the mobile surface veneers. Still farther back in time, the ridged plains dating from Early Hesperian could have received almost 5 meters of distal ejecta. Certain areas on Mars have been depositional traps for atmospheric dust settled over billions of years but are now undergoing deflation in some regions [Ward, 1979; Francis and Wood, 1982; Schultz and Lutz, 1988; Zimbelman et al., 1989; Grant and Schultz, 1990] . These unconformable loess-like deposits form easily eroded layered sequences within craters and basins, on intercrater surfaces, and across both polar regions. In addition to dust derived from weathered materials (volcanics, fluvial sediments, or ancient ejecta), such areas should have received, collected, and preserved coarser ballistic ejecta.
[15] The cumulative global component of distal ejecta shown in Figure 1 is small relative to the average eolian transport of fine-grained sediments. For example, erosion rates in the northern plains were estimated to be 1 cm/Ma [e.g., Arvidson et al., 1979] . Contributions from distal deposits from a nearby large event (within 5 crater radii), however, would episodically overwhelm the annual influx of atmospheric dust. Table 2 contrasts different contributions to ejecta by specific large, Hesperian craters. At a distance of 500 km from the crater 100 km-diameter Mie, for example, unmodified ballistic ejecta contribute as much as 1m.
[16] The ejecta-decay relation (equation 1) applies beyond 4 crater radii whether it represents continuous ejecta that thins with distance or comprises individual blocks that disperse with distance. Consequently, a useful comparison is the possible contribution of hypothetical undecelerated 0.5 m ejecta blocks (melt bombs or breccia) of the same mass in a meter square area arriving at this distance. This equivalence is used for illustration only but has been used to assess ejecta decay around craters at Apollo 16 [Ulrich et al., 1975] . Table 2 indicates that 10 blocks (0.5 m in diameter) would accommodate this equivalent mass. Upon impact, such blocks should have shattered, unless they struck obliquely into an unconsolidated regolith/soil. Viking Lander II (VLII) landed at a distance of $180 km from the 100 km-diameter crater Mie. Ballistic ejecta at this distance (excluding atmospheric effects and subsequent flow) could have delivered more than 10m of debris. Mutch et al. [1977] proposed that VLII panoramic views indeed include ejecta materials, perhaps accounting for the blockier surface relative to VLI.
[17] Such estimates demonstrate that in the absence of other processes, the accumulation of global and distal ejecta from large craters should have made significant contributions to Martian surface materials since the Hesperian times. The eolian component represents a relatively narrow size range of particulates most susceptible to Martian winds (around 100 microns), whereas air fall particulates (loess) following global dust storms are <10 microns. The distal primary ejecta, however, will include coarser fractions that survive aerodynamic passage during launch, re-entry, and Figure 1 . Comparison of cumulative global accumulation of distal ejecta through time for all craters of a given size and smaller. Calculations assume that this fall-out results from ejecta launched faster than 3 km/s and is eventually distributed uniformly over the globe. Consequently it provides only a first-order estimate for relative contributions similar to distal ejecta from the Chicxulub impact on Earth.
impact. Over time, eolian processes on Mars would have re-distributed and mixed impact debris with other in-situ sources and loess accumulations, thereby masking their contribution. Eolian deflation, however, also can create lag deposits [Greeley and Iverson, 1985] , in this case leaving behind the coarser, wind-resistant impact breccias, impact-melt breccias, and glasses proposed here.
Nature of Ejecta
[18] The identification and characterization of ejecta accumulated over billions of years require an understanding of the possible nature of this component. Two important issues arise. First, previous studies suggest that the sedimentary nature of the Martian crust should preclude formation of significant impact melts on Mars [Kieffer and Simonds, 1980; Blaney, 1998 ]. Second, the median impact velocity is lower on Mars relative to the Earth, thereby perhaps lessening melt generation [Artemieva, 2001] .
[19] Three relevant terrestrial analogs now indicate that the sedimentary deposits over much of Mars may not preclude melt generation on Mars. First, tektites are believed to be derived from loess or weathered soils from the silicate-rich crust [Taylor, 1962; Schwartz, 1962; Koeberl, 1994] . These glasses exhibit a range in silica contents (60 -75 wt.%), reduced alkali volatiles (Na and K), low iron contents (2.6 wt.%), and variable MgO and CaO concentrations. In spite of the initially light brown color of the weathered (oxidized) source material, tektites typically appear dark, whether as small microspheres or as cm-size Australasian tektites. Moreover, tektites are not distributed uniformly but are concentrated in strewnfields, perhaps due to an oblique trajectory [Hartung, 1990; Glass, 1993; Koeberl, 1994] .
[20] Second, impact glasses from both the end-Cretaceous Chicxulub impact, the Eocene impacts (Popigai and Chesapeake Bay), and even Archean spherule beds [Simonson et al., 2000] now demonstrate both the widespread impact contributions to the terrestrial record and the role of chemical weathering in masking this record [Smit et al., 1992; Bohor and Glass, 1995; Koeberl et al., 1996] . Even though large Phanerozoic impacts occur in sedimentary deposits, their sizes made such a setting irrelevant since the impact also penetrated this cover and excavated crystalline basement materials. Deposits preserved in North America 2500 km from Chicxulub require ejection velocities >5 km/s and are now only 2 -5 cm thick, having been compacted considerably and converted into clays. At a distance of 800 km from Chicxulub (ejection velocities > 3 km/s) in Beloc, Haiti a 0.5-1.0 m thick layer is partially preserved and contains black (extrapolated to 10 18 g if global) and yellow high-Ca (extrapolated to <10 17 g if global) spherules [Sigurdsson et al., 1991] . These tektite-like glasses are widespread beyond several crater radii from their source and are derived from the upper 1 -2 km sedimentary deposits mixed with underlying crystalline basement materials. They represent either high-velocity ballistic fractions subjected to high pressures or vapor-driven melt and condensates.
[21] Third, recent discoveries of widespread impact glasses derived from Argentine loess provide further evidence that particulate targets and soils not only can generate small tektite-like materials but also can produce large blocky vesicular 2 m masses ]. The Rio Cuarto impact during the Holocene largely involved just surficial loess deposits Aldahan et al., 1997] , but newly discovered Pleistocene and Pliocene impact glass layers appear to have incorporated both partially digested loess minerals and deeper silts, as well as buried carbonates Schultz et al., 1999] .
[22] The median impact velocity for the Earth is $23 km/sec, whereas that for Mars is only $12 km/s. Recent computational models [Artemieva, 2001 ] suggest that such a velocity difference might significantly reduce melt volumes particularly at lower impact angles. Nevertheless, these calculations do not include the effect of enhanced heating by particulate targets, such as loess Grieve and Therriault, 1995] .
Impacts Into Loess
[23] The thick loess sequences (see Figures 2a and 2b) (100 m -300 m) of Argentina provide a unique terrestrial analog for Mars and deserves additional discussion in the context of a likely target material. Most loess sequences in the Northern Hemisphere are quite young. North American and European deposits are Late Pleistocene in age (10 Ka to 30 Ka) and are related to the last stages of glaciation [e.g., Pye, 1986] . Chinese loess deposits extend back to the early Pleistocene, $2.2 Ma. The Argentine loess-like deposits, however, date back to the Miocene [Zarate and Fasano, 1989] and cover almost one million km 2 . Although trivial in comparison to the billion-year (and more) record on Mars, the Argentine loess are old and large enough to have been impacted by several large (>0.3 km in diameter) objects.
[24] The loess in Argentina is derived from reworked pyroclastic deposits (tuffs), primary tephra units, other volcano-clastic sediments of the Andes to the west, and local materials [Zarate and Fasano, 1989; Zarate and Blasi, 1993] . The sequences contain well-developed and complex soil horizons including caliche-rich levels and calcareous concretions (hence the preferred description ''loessoid'' rather than loess). Figure 2c reveals that these sequences exhibit a layer-like appearance. In contrast with the perception that eolian sequences must exhibit a highly irregular emplacement surface [e.g., Malin and Edgett, 2000] , the Argentine loessoid deposits are characterized by relatively flat lying outcrops of resistant (caliche, siltstones) and friable (loess) materials. These layers reflect a balance between deposition, sedimentation, and pedogenesis [Zarate and Fasano, 1989; Kemp and Zarate, 2000] . A separate contribution will address similarities and differences with processes on Mars, but such outcrops underscore an ongoing terrestrial analog that provides a viable alternative to the lacustrine origin for observed layered sequences.
The layered polar sequences (including outliers) further illustrate the flat-lying nature of eolian air fall silt-size material (loess or icy loess).
[25] To date, six impact glass layers have been discovered in the loessoid deposits of the Argentine Pampas with ages from $5 Ka to nearly 10 Ma . The distribution of refractory and volatile components within the bulk impactites generally reflects their Figure 2a illustrates the characteristic flat-lying ''layering'' in the loessoid sequences. This layering is not the result of deposition but reflects a complex pedogenic history tied to cyclic climate change. More resistant horizons represent caliche and siltstones formed near the surface (dry periods) or at depth (wet climates). Figure 2b shows an exposed layer of 3.3 Ma impact glass comprising a portion of the ejecta deposit (arrow). Figure 2c illustrates a large 0.2-diameter vesicular glass bomb (fläden) captured in the Argentine loess. This and other impacts into the sedimentary deposits of the Argentine Pampas produced widespread vesicular glass concentrated in specific horizons, unless reworked by subsequent processes. Vesiculation results from rapid degassing of trapped volatiles in the loess, including thermal deposition of trapped caliche horizons. source region with SiO 2 levels typically ranging between 55 and 62 wt.%. When referenced to the loess, the interstitial glass composition exhibits systematic changes depending on the degree of crystallization as well as the percentage of selective melting of constituent mineral grains in the glass. For example, clast-rich impactites generally exhibit more feldspathic interstitial glasses due to the preferential melting of the feldspar component in the loess first [e.g., Schultz et al., 1994] . The interstitial glass fraction, then, appears more rhyolitic than the parent material yet can contain high levels of iron oxides (5 -8%) due to loess constituents. High K 2 O (up to 8 wt.%) and Na 2 O (up to 7 wt.%) levels also are observed as the result of incorporating evaporite sequences at depth. Clast-poor glasses more closely reflect the bulk composition of the loess due to nearly complete melting of all constituents. Some of these glasses, however, exhibit elevated CaO (up to 30 wt.%) perhaps due to rapid incorporation of refractory by-products from vaporization (e.g., CaO derived from caliche, re-worked carbonates in the loess or marine sequences at depth) as well as fractionation between volatile and nonvolatile fractions. Rapid crystallization within the glass then results in growth of calcium pyroxenes, typifying some samples.
[26] Argentine impactites in the loessoid sequences provide several important clues for possible impact glass generation and preservation on Mars. First, they prove that large vesicular glass bombs can be generated from unconsolidated soils, even in the presence of water and caliche deposits. Water contents for the bulk loess average nearly 1 -2wt.% but the total loss on ignition (volatile fractions including water) typically approach 10wt.% [Teruggi, 1957] . This observation is further illustrated by the existence of kilogram tektite-like (Muong Nong), dense glasses [noted in Koeberl, 1994] produced from highly weathered soils (laterites), presumably in southeast Asia. Second, the thick (>300 m) Argentine loess deposits provide soft capture for fragile glassy ejecta. Large glass masses in the Argentine loess show clear evidence of dynamic emplacement (folded and twisted patterns) yet remain intact. Third, deflation and erosion can create surface lags or lag horizons that concentrate glasses initially embedded at different horizons. Regions where glass-bearing loess has been reworked (migrating dunes or deflation in response to global climate change) have been observed to create such lag deposits. Fourth, their dark color is derived from variable amounts of melted oxides and iron-bearing minerals comprising the vitreous glassy matrix. Lighter colors result from lesser amounts of iron-bearing minerals and greater amounts of feldspathic glass. Red-colored breccias (called tierra cocidas) are also produced from welded and oxidized particulates.
[27] Because the Argentine loess is derived from highsilica source regions, they may not provide a direct analogy for Mars. However, the processes that generate, disperse, and capture glasses produced by impacts into particulate substrates are highly relevant. First, the presence of volatiles (carbonates, water) does not preclude glass formation nor does it generate only oxidized debris as suggested by Kieffer and Simonds [1980] . Second, light-colored finegrained target materials can produce large, dark-colored impact melt breccias. Third, these dark vesicular glasses are created, ejected, and preserved as a unique immobile component in the loess sequences. Fourth, the vesicular nature of the oldest glasses (10 Ma) result in increasing fragility with time that results in the breakdown to smaller fragments during subsequent exposure. Fifth, more acidic bulk (and glass) compositions can be created by incorporating weathering products (K 2 O, Na 2 O, Al 2 O 3 , CaCO 3 ) and preferential formation of feldspathic glass. On Earth heavily weathered ultrabasic rocks can increase the aluminum concentration four to six fold while evaporites (combined with eolian processes) can introduce enhanced K 2 O, Na 2 O, and hydrated aluminum oxides. Consequently, highsilica basaltic andesites inferred from TES data for certain regions on Mars do not necessarily reflect primary crustal materials.
[28] In summary, the generation and dispersal of impact melt and glass even from sedimentary lithologies and soils should be expected on Mars. Moreover, an exact match between such glasses and SNC-like major element mafic chemistries should not necessarily be expected if derived locally from eolian fallout of the finest fractions (including weathering products), if the source craters sampled nonvolcanic crustal materials at depth, and/or if the glass incorporates carbonates (caliche) from below.
Effect of Impact Angle
[29] Linking distal ejecta (and the melt fraction) with a specific crater is difficult due to the effects of planetary rotation [e.g., Lorenz, 2000; Wilbur and Schultz, 2002] and subsequent atmospheric suspension and redistribution of the finest fractions [Cho and Stewart, 2003] . Very large events (>100 km) and oblique impacts represent two exceptions. Large craters (>200 km) contribute large quantities of melt that may overwhelm regional sediments and allow association with its primary crater. However, oblique impacts direct the melt downrange, thereby connecting a deposit with a specific parent crater. The following discussion, therefore, addresses the dispersal of the downrange debris from oblique impacts.
[30] Laboratory experiments document the downrange, high-velocity component of vapor and melt created during oblique impacts [Gault and Wedekind, 1978; Schultz and Gault, 1990; Schultz, 1992a Schultz, , 1996 Schultz and D'Hondt, 1996] . Recent 3-D computational models now also reproduce this component [Pierrazzo and Melosh, 1999] . The earliest stage products are decoupled from the late-stage crater excavation stage. This process is illustrated in the sequence of high-speed images shown in Figure 3 . In addition to the well-known stage of jetting process that produces vapor and melt traveling at velocities three times the initial impact velocity [e.g., Vickery, 1993] , oblique trajectories induce downrange-directed vapor and melt at velocities comparable to and less than the initial impact velocity [see Schultz, 1996] .
[31] With time, crater growth becomes more radial and symmetrical [Gault and Wedekind, 1978; Schultz and Anderson, 1996; Anderson et al., 2000] . The early compression stages of crater growth are simply consumed during vertical impacts but they are mapped-out downrange during oblique impacts. Even though molten material is sprayed downrange during the early stages of cratering, ejecta deposits close to the rim are relatively symmetric. Computational codes [Pierazzo and Melosh, 1999] reveal that many of these small-scale laboratory phenomena do extend to much larger scales.
[32] As impact angle becomes highly oblique (<15°), deposits from early stages of ejection may be lost due to their high velocities and dispersal. On Venus the dense atmosphere decelerates and preserves this downrange component as long run-out flows near the parent crater [Schultz, 1992b; Schultz, 1996, 2001 ]. On Mars, however, the tenuous atmosphere allows the decoupled downrange component to extend around the planet. This decoupling between the earlytime, trajectory-controlled melt stage and the late-time, outward-ballistic flow stages provides a clue for relating some distal glassy strewnfields on Mars to their parent crater.
[33] The early-time, downrange ejecta from oblique impacts do not follow the same scaling relations used for gravity-controlled excavation (equation 1) since they are driven by retained momentum of the impactor. Laboratory experiments [Schultz, 1999] reveal that downrange ejecta thickness from oblique (30°) impacts into sand decreases only slightly with increasing range (i.e., velocities). This contrasts with the later arriving radial ballistic ejecta, which decrease very rapidly with w = 2 -3 (equation 1). A separate contribution will detail these experimental results. Here the technique and observations are briefly summarized in order to illustrate the implications for Mars.
[34] Laboratory experiments were designed to capture ejecta in catchers placed at different heights and distances downrange. The catchers were oriented such that the opening would be nearly perpendicular to the trajectory but not allow ejecta passing through the opening to escape. Velocities corresponding to the trapped incremental mass were derived from both direct measurements using high-speed imaging and the use of the ballistic equation for specific height and distance of each catcher (ejection angle determined from imaging). Near the rim, the cumulative ejecta mass for a given velocity and higher decreases, as expected for gravity-controlled excavation flow (equation 1). At sufficiently high velocities in the downrange direction, however, the trapped incremental ejecta mass begins increasing with increasing velocity. The cumulative mass fraction, therefore, also increases with increasing velocity of the ejecta. Figure 4 illustrates this component.
[35] Experimental design precludes capturing ejecta over a wide range of velocities above a transition velocity from excavation to downrange flow. Nevertheless, different combinations of impactor densities and velocities converged on a consistent relationship for the high-velocity, downrange ejecta if the ejection velocity is scaled to the impactor velocity (rather than crater size and gravity) and if the impactor/target density ratio is included. The combination Figure 3 . High-frame rate sequence (0.1 millisecond intervals) showing formation of a crater by a 5.5 km/s impactor (0.635 cm aluminum) at 30°impact angle (from horizontal). First few frames show high-speed, molten ejecta decoupled from later stages of crater excavation. In addition, hemispherically expanding vapor (top arrows) moves downrange. This low-angle component is restricted in azimuth downrange and is proposed to contribute to downrange glassy stewnfields on Earth and Mars. of these data yields a cumulative mass fraction that is approximately linear with the square of the derived ejection velocity scaled to the initial impactor velocity (Figure 4) .
[36] The downrange flow field during the compression stage reflects the partitioning of energy during the compression stage. At the earliest stages of energy/momentum transfer, this coupling is directed along the trajectory axis, i.e., downrange. This initial partitioning can be expressed in terms of the specific energy (kinetic energy per unit mass) in a given direction.
where Q e and Q i (i.e., v e 2 and v i 2 ) are the specific energies for the target and initial impactor, respectively; and x, the distance from the impactor of radius a. The exponent b is controlled by the rate of transfer of impactor energy and momentum to the target. For vertical impacts into hard substrates, the value of the exponent b is large [e.g., Orphal et al., 1980] . For oblique impacts into particulate targets, this exponent will be smaller since the energy-transfer time is greater during oblique penetration by the impactor.
[37] Equation (3) can be rewritten in terms with velocities less than v e in order to compare with the empirical relations in Figure 4 . Introducing the density ratio between target (d t ) and projectile (d p ) and replacing x/a by ejected volume per unit area divided by the projectile volume scaled its crosssectional area allows rewriting equation (3) as:
where M e is the cumulative mass launched with launch velocities smaller than v e and A corresponds to the unit areas for target (A o ) and impactor (A i ). This relation is bounded by the maximum ejection velocity allowable, which is taken as a fraction of the impact velocity (neglecting jetting), and the maximum energy partitioned to the downrange component. The decay in ejecta thickness downrange can be calculated from equations (3) or (4) by assuming b = 1 (Figure 4) , differentiating, and rearranging terms:
This can be rewritten in terms of ejecta mass per unit area:
where dA o represents the cross-sectional area through which the downrange mass fraction is launched and dA i represents the corresponding reference area for the impactor. If dA o is set equal to a unit area and dA i is scaled to the impactor area (a 2 ), then equation (6) can be rewritten as the incremental mass in a unit area initially launched in the downrange direction:
Consequently, for a given ejection angle, equation (7) can be rewritten in terms of ejecta thickness t e , as a function of distance, r, (neglecting bulking):
where dA o /dA(r) accounts for geometric dispersal with distance from the launch position, which can be explicitly written as:
where f represents the azimuth angle subtended by the downrange component. The ejecta thickness at a ballistic range derived from material launched downrange through a unit area dA o then becomes (from equation 8):
This result agrees with experiments [Schultz, 1999] indicating significantly less thinning with distance than expected for symmetric radial excavation flow by vertical impacts (equation 1). . These results represent combined data from a series of laboratory experiments at a given impact angle (30°) with a range of impactor sizes, densities, and velocities into sand targets. In contrast with the crater excavation stage where the ejecta mass increases with decreasing velocity, this figure illustrates the energy/momentum coupling stage preserved in the downrange ejecta. To first approximation, the cumulative mass fraction is directly proportional to the square of the ejection velocity.
[38] The early-stage downrange component does not simply grade into the late-stage excavation flow (see Figure 3 ). For very low angle (<15°) impacts, the highvelocity downrange component completely detaches from later crater excavation. Consequently, the distant downrange deposits from this component will form an ellipse or narrow fan of glassy deposits spatially separated from the parent crater. The width of the deposit depends on the angle of impact as well as target materials. The late-time excavation flow expressed by near-rim morphology (whether in saddleshaped structural uplift or in the distinctive butterfly ejecta pattern), however, does not reflect the early-stage component of downrange melt. For very low angle impacts (<15°), the only connection between the parent crater and the earlytime component may be an elongate strewnfield along the trajectory downrange. The butterfly ejecta pattern around the lunar crater Messier and its whisker-like rays downrange illustrate these two components [see Gault and Wedekind, 1978] . Higher angle impacts also exhibit decoupling of the early-stage ejecta, and greater amounts of melt will comprise the downrange excavation flow component as well.
[39] Equation (5) can be used to characterize the velocity distribution constrained by limits set by its integral, equation (4). When directed downrange on a sphere, however, the area over which the ejecta is dispersed within two great circles, which become parallel 90°away from the impact. As a result, the 1/r dependence in equation (10) is offset, and ejecta thicknesses no longer decay with distance. The implication of this result will be considered below for specific young oblique impacts on Mars.
[40] A first-order estimate of the early-time, trajectorycontrolled contribution on Mars can be made by arbitrarily assuming that only 10% of a projectile mass is uniformly dispersed in a downrange ellipse with an area of 10 6 km 2 . This amount is comparable to a global ''fallout'' layer produced by distal ejecta produced during the later crater excavation stage. Such an estimate provides both a useful comparison and a sanity check. The amount of distal ejecta on Mars will exceed a terrestrial distal ejecta deposit for the same size impactor due to the effects of a smaller Martian surface area, in spite of the lower escape velocity. Table 3 reveals that such a downrange strewnfield component may exceed the global fallout layer by more than an order-ofmagnitude. For example, with the simplifying assumptions, the 225 km diameter Hesperian crater Lyot may have contributed a strewnfield 17 m thick over the northern plains of Acidalia and Vastitas Borealis, if concentrated in a fan-shaped 10 6 km 2 area. If such a crater had directed its strewnfield over the entire northern lowlandformation of Vastitas Borealis (including the polar layered terrains), the thickness would still exceed 1 m.
[41] Consequently, the dispersal of impact glass may be evident in near-rim ejecta, as a global fallout layer from a major impact (>100 km in diameter), or as a strewnfield from an oblique impact. The thickness of deposits from the latter style of emplacement will not follow the standard near-rim ejecta decay laws and should be observable downrange from large or young oblique impact craters.
Supporting Evidence
[42] There are two testable occurrences for impact melts and glasses on Mars: near-rim (proximal) impact melt breccias and high-velocity (distal) strewnfields of impact glass. Possible evidence for impact melts includes dark debris in otherwise oxidized Martian crustal materials, spectral signatures of certain dark regions and blocks at the Pathfinder site.
Proximal Impact Melts
[43] Possible impact melt breccias deposited near crater rims will be most evident around small, fresh craters. This contrasts with small (<0.5 km) craters on the Earth where atmospheric deceleration reduces the entry velocities prior to impact. Around larger and less frequent impacts, this component is buried or entrained within ejecta debris flows or is masked by gradational processes. Consequently, we first examine evidence for dark blocky ejecta around recent small craters in terrains not expected to be composed of unweathered, darker mafic materials such as air fall deposits. Second, we examine dark, friable debris exposed from beneath ejecta deposits around larger craters as a result of backwasting. Third, we consider the impact melt origin for dark debris and mobile veneers being exhumed from large, Noachian craters.
[44] The high-resolution Mars Observer Camera (MOC) reveals the common occurrence of dark, blocky ejecta and rays around small (<0.5 km) craters, as illustrated in Figure 5 . The traditional interpretation of near-rim, darker ejecta invokes the principle of inverted stratigraphy. For example, dark-haloed craters on the Moon have been interpreted as signatures of a buried mafic substrate [e.g., Schultz and Spudis, 1979] . It is also recognized, however, that small, fresh lunar craters commonly exhibit dark, blocky ejecta in highland terrains with no evidence for shallow-buried mafic units. These ejecta are most likely darker impact melts and melt breccias. In fact, small, fresh craters in mafic units of the maria typically appear brighter due to fresh crystalline facets. This was one reason why the earlier lunar studies by Schultz and Spudis [1979] carefully selected larger (>l km) and older craters (lacking bright rays). Concentrations of such craters then implicated buried basalts, as subsequently confirmed by reflectance spectroscopy [Hawke and Bell, 1981] .
[45] On Mars, such ambiguity will exist between dark impact products and excavated substrates around small (1 km) fresh craters. Since high-resolution MOC images cannot provide calibrated absolute albedo measurements, reflectance contrast also might be created by changes in roughness or non-crystalline blocky material as well. ''Dark-rayed'' craters occur both in heavily mantled terrains (50 -100 m) and the cratered highlands. They also are isolated or occur as clusters of equally fresh craters, thereby suggesting either an atmospherically disrupted impactor or secondaries. By comparison with darker blocks around fresh lunar highland craters and the dark Argentine impact glasses, such dark blocky materials on Mars could reasonably represent impact melt and melt breccias. Consequently, using small craters as indicators of buried mafic layers needs to be done with caution on Mars. Moreover, impact breccias and melt breccias within smaller impact craters (<1 km) now eroded or buried may emerge in exhumed terrains on Mars.
[46] At large scales, impact melts and melt breccias around old craters are typically mantled by eolian debris or entrained within flow lobes, thereby masking possible surface exposures of impactites. Large craters in the Arabia region, however, are undergoing extensive deflation [Schultz and Lutz, 1988; Malin and Edgett, 2000; Tanaka, 2000] . The Arabia deposit is a thick sequence of sedimentary (eolian or lacustrine) materials that have been concentrated in this and other locations by conditions unlike today. This bulk deposit is red, oxidized, and fine-grained material. However, dark bluer patches and dunes commonly occur on the floors of large craters or within relict deposits. Backwasting of ejecta deposits within Arabia produce distinctive pedestal craters. Pedestal craters are believed to be produced by differential erosion where an easily eroded surface layer (0.1 to 1.0 km thick) is arrested as backwasting encounters the ejecta facies, i.e., impact armouring [e.g., Arvidson et al., 1976 Arvidson et al., , 1979 Schultz and Lutz, 1988; Schultz, 1988b] . Figure 6a shows a 20 km-diameter crater whose ejecta (and substrate) has backwasted to the edge of its continuous ejecta. The result is a crater seemingly ''perched'' on a plateau with outward-facing cliffs rising 0.5 km above the surrounding deflated terrains. Small plateaus, mesas, and other pedestal craters nearby further document the regional extent of deflation within the large crater, Tikhonravov.
[47] High resolution MOC images reveal dark streaks emerging from the upper layer capped by ejecta deposits, which are more resistant (Figures 6b and 6c) . The maximum contrast between the streaks and surrounding dust is estimated to be $10% [Sullivan, 2001] . Sullivan et al. [2001] specifically suggested that such streaks represent scars created as turbulent avalanches exposed darker substrates. Nevertheless, many streaks are easily deflected by large blocks and mounds downslope. They also concentrate on top of resistant layers, cross different slopes and facies without changes in reflectance, and in certain locations collect between dunes. Also, both light and darker streaks are found that cross the same substrate. Consequently, some streaks are consistent with deposition of dark debris, rather than (or in addition to) erosional scars. The dark streaks disappear with time due to mantling by dust, burial by more massive scarp failure, burial by light-colored talus, or in-situ weathering processes.
[48] Dark streaks appear to emerge from resistant layers well below the surface along back-wasted slopes in Arabia and elsewhere. Such occurrences have several possible explanations. In Figure 6 , some simply extend back to the upper exposure, but their expression has been masked up-section due to covering by lighter-colored scree. This process is illustrated by lighter streaks and sheets that have either buried or eroded the layered outcrops below. In at least one case, a resistant layer with dark talus near the base of the scarp can be related to a down-dropped section of the upper impact layer. In other areas, dark talus is simply emerging from another layer exposed lower in section. Surveys indicate that dark streaks are concentrated in Arabia and Memnonia [Sullivan, 2001; Rifkin and Mustard, 2001 ]. Such deposits accumulate over time, and dark debris from a lower stratigraphic level could indicate another buried deposit of ejecta debris from such craters ( Figure 5 ). Such a possibility is consistent with the frequency of pedestal craters mapped in this region [Schultz and Lutz, 1988] .
[49] The concentration of darker streaks emerging from below the resistant ejecta facies shown in Figure 6 is similar to the exposures of dark, vesicular impact meltmatrix breccias emerging out of section in Argentina ] and shown in Figure 2b . The entrained mineral clasts, high vesicularity (hence fragility), and twisted/folded nature result in rapid breakdown into small fragments once they were exposed along the Argentine cliffs. The dark impactites form distinctive scree emerging from an outcrop of large masses of impact glass or concentrations of smaller fragments. Glass fragments Figure 5 . Small impact crater surrounded by dark blocky ejecta. The target materials are not believed to be competent since they occur in thick featureless (eolian) deposits at high latitudes. The dark ejecta are proposed to be dark glassy fläden and fragmented impactites analogous to materials produced by impacts into the Argentine loess (Figure 2 ). MOC-M00-00772.
lighten in color as they break down into sub-millimeter shards, the smallest of which can then be redistributed by winds or fluvial processes. The Miocene glass impactites breakdown more easily than the Pliocene or Holocene impactites due to both physical and chemical processes acting on thin vesicle walls and seams.
[50] Competing processes on Earth (e.g., water, wind, bioturbation) preclude more direct comparisons with Mars. Figure 6 . Backwasted cliff surrounding a 20 km-diameter pedestal crater in Arabia. Figure 6a provides an overview of the region including the large (280 km) basin, Tikhonravov, containing several pedestal craters (horizontal arrows). Darker floor deposits (vertical arrows) appear trapped within exhumed craters on the floor of the basin. Small mesas and plateaus are relict surfaces, probably extensions of trapped sequences beneath the pedestal ejecta. Viking photomosaic MC-12SE. Figure 6b is a MOC close-up of the outward-facing cliff that has backwasted to the edge of the lobate ejecta deposit. Dark and light talus streak downslope from the ejecta deposit in the uppermost layer and erode/bury exposed resistant layers. Although the dark streaks are the most prominent, they represent a small fraction of the scree. On the basis of analogy with Argentina, the dark streaks are proposed to represent concentrations of friable, vesicular impact glasses that break apart as they fall down the cliff face or talus composed of a lag of darker impact-melt breccias and exposed by dust avalanches, a process proposed by Sullivan et al. [2001] . MOC-08-06186. Figure 6c shows a resistant vertical face (or overhang) from which finer grained debris emerge from less resistant substrates below. It is proposed that larger (or denser) surviving fractions saltate, collect and contribute to the dark veneer and dunes trapped within the larger craters on the floor (Figure 6a ). MOC-08-06187.
Nevertheless, this analogy does provide important requisite elements: a restricted source for embedded materials ( pockets of vesicular impactites); an explanation for occurrence (darker impact materials in low thermal inertia loess, crater walls, and unconformable deposits); narrow to broad fanshaped streaks (strength or extent of exposed impactites) and a triggering mechanism for movement (exposure from backwasting friable matrix).
[51] The long run-out distances, unresolved deposit texture (e.g., blockiness), and abrupt feathered termini, however, also require an avalanche process similar to that proposed by Sullivan et al. [2001] . This can be resolved in two ways. First, the avalanches expose darker impact materials previously collected as talus on the slopes of backwasted cliffs. Or second, the streaks represent friable, vesicular impact materials that disintegrated as they cascaded downslope. The first alternative simply provides the source material for the darker substrate. The second alternative envisions avalanches composed of the disaggregating impact glasses that left behind a trail of debris. The latter process would accommodate all the critical tests proposed by Sullivan et al. [2001] , including the formation of bright streaks at the same location. In this scenario, a dark streak $1 km long and 0.1 km wide could originate from a pocket of impact-melt breccias $10 m across if the debris trail is $1 cm thick. The required source mass would be significantly smaller if part of the darkening were due to roughening of a dusty surface. Individual streaks in Figure 6c could be accommodated by impact-melt breccia blocks 2 -6 m across, a size comparable to those visible along the upper scarp exposures.
[52] The region around the pedestal crater in Figure 6a is within the large crater, Tikhonravov, which has undergone significant (hundreds of meters) deflation of its sedimentary fill. The heavier, stronger components are trapped in this depression and with time should contribute to (if not be responsible for) the residual saltating fragments comprising the dark dune fields or dark patches. The smallest fragments break down into shards, which eolian processes then remove through time. In Arabia, such mobile shards may comprise the materials winnowed out of exposed layers and dark dunes.
[53] The fate of the proposed impact melts elsewhere on Mars depends on the depositional setting and age. The heavily cratered highlands provide numerous permanent traps within craters, in the intercrater valleys, and in thick accumulations of loess. Smaller impacts will contribute localized deposits or pockets within the loess-like sequences whether as crater-floor melt or near-rim fläden. The largest impacts should contribute the greatest continuous deposits, particularly closer to the primary crater (Table 3) . Clifford et al. [1991] estimated that the cratering record for the highlands is sufficient to have produced a minimum global thickness of impact melt >100 m, also controlled by the largest basins. Dark layered deposits can be seen in exposed scarps near large craters such as Schiaparelli (Figure 7a ) and exhumed terrains near Antoniadi (Figure 7b ). They also occur on crater floors undergoing exhumation (e.g., on the periphery of the unconformable Arabia and Mesogea deposits) where the greatest concentration of dark streaks occurs. Exposed dark materials from the Noachian crater Schiaparelli appear to contribute to the dark materials delineating the dark area named Meridiani Sinus (Figure 7a ). High-resolution MOC and Viking images reveal that this dark component is emerging from newly exposed materials along the crater wall and ejecta deposits around the rim. Similarly, the region northwest of Syrtis Major Planum is heavily etched [Grant and Schultz, 1990] with exposures of both more resistant dark layers and dark dunes trapped within low-lying craters and valleys (Figure 7b) . A plausible source for this dark component would be newly exposed and reworked impact melt deposits from the Isidis basin or the later large craters, Antoniadi and Baldet.
[54] Elsewhere, the northern lowlands have existed for more than 3 Ga and have received both fluvial (from the outflow channels) and eolian sediments. Impact melts and glasses in such deposits also should occur as reworked deposits: exhumed crater floors; layers of impact glass surrounding degraded or buried craters; immobile surface lags of larger impact materials (glasses); eolian saltation of heavier comminution products (heavy mineral bearing fractions); and eolian deflation of lighter dust (silicate glass fractions). Identification of such impact-related deposits could implicate different types of occurrences elsewhere and at different times on Mars. For example, mechanical breakdown of Argentine vesicular glass fractionates the darker heavy mineral xenocrysts from lighter, more fragile vitreous components. This process has been demonstrated in successive crushing experiments where large relict minerals survive while glassy shards continue to breakdown. Susceptibility to breakdown increases with time and exposure. Subsequent eolian processes would redistribute the lighter silicate fractions (or weathered byproducts) during global dust storms but could only saltate the denser mineral relicts. Consequently, breakdown, fractionation, and saltation of the heavy and larger mineral fractions could account for the dark dune fields trapped within closed basins (e.g., large craters as in Figure 6 ) or perhaps the circumpolar dune system after billions of years of reworking.
Glassy Strewnfields
[55] Impact glasses on Mars also should occur as globally dispersed tektites/microtektites launched at high velocities and re-melted during re-entry ( just as on Earth) or as concentrated downrange deposits (strewnfields) created by an oblique impact. Three possible examples of downrange strewnfields associated with oblique impacts are discussed.
[56] Figure 8 shows a 25 km diameter oblique impact crater on Lunae Planum. This example also exhibits the distinctive butterfly pattern of the near-rim ejecta but may be related to the broad, dark deposits downrange to the northeast (Figure 8 ). The downrange distance is comparable to the Ivory Coast tektite strewnfield from Bosumtwi. In this case, the downrange deposit has been further re-distributed by winds or perhaps redirected by intense atmospheric circulation during re-entry, as observed to a greater degree on Venus [e.g., see Schultz, 1992b; Schultz, 1996, 2001] . The crater also exhibits a distinctive swirl-like deposit uprange that resembles deposits uprange from oblique impacts on Venus (but at a greater distance from the rim on Mars). Such deposits are likely produced by a plume directed uprange as observed in hypervelocity impact experiments [see Schultz, 1996] .
[57] Figure 9a shows the distinctive region of Cerberus in Elysium Planitia. This elongate dark region covers an area of $0.2 Â 10 6 /km 2 and was a pronounced feature during the Mariner and Viking missions in the 70's. A close-up of a darker region (Figure 9b ) reveals a veneer that is currently being reworked but drapes most fine-scale features. The dark Cerberus material occurs over a range of topography: flat-lying plains, mottled plain material, and the knobby highland terrains. Such occurrences are inconsistent with exposure of an underlying dark mafic plains unit. Instead, this deposit appears to be a dark mantling unit covering both plains and highlands, portions of which are currently being reworked by winds and trapped within deeper craters.
[58] Most recently, the Cerberus feature has nearly disappeared, most likely due to a thin dusty eolian mantle following seasonal global dust storms. Numerous small (100 m) fresh craters are scattered across the feature, some of which exhibit dark rays as a result of excavating the dark component from beneath the light-colored veneer. Small, degraded craters within the deposit typically contain (trapped) concentrations of the dark material on their floors. Lighter colored wind-blown material has blanketed portions of this deposit, analogous to changes observed between the Mariner 9 and Viking missions [Chaikin et al., 1981] . Consequently, the Cereberus feature has likely undergone multiple stages of covering and uncovering since emplacement. Small dark-rayed craters in this deposit, however, were not formed in this time frame. Rather, the thin dusty veneer was sufficient to mask the regional dark deposit but insufficient to mask the crater ejecta.
[59] The major axis of Cerberus aligns with the downrange trajectory of a 25 km-diameter crater north of Olympus Mons (Figure 9c ). The butterfly pattern of secondaries and crater shape are diagnostic of a low-angle impact [Gault and Wedekind, 1978] . The large secondaries in Figure 9c are not the result of a competent substrate but the consequence of ejecta clumps striking soft sediments characterized by a high angle of internal friction [see Schultz, 1992a] . If the distant Cerberus veneer were analogous to a strewnfield on Earth, then its ballistic range from the parent crater would be equivalent to only $600 km on Earth (assuming ballistics on a spherical planet with a downrange launch angle of 15°).
[60] The crater Hale is a much larger (150 km Â 125 km) highly oblique impact crater of late Hesperian age on the edge of the Argyre basin (Figure 10a ). The oblique trajectory is interpreted on the basis of the oblong shape, ridgelike central peak, saddle-shaped rim, and pattern of ejecta. Portions of the ejecta have been masked by an eolian veneer, but grooved terrains generally north (Figure 10b ) of Hale within a 45°sector radiate from Hale and are mantled by a dark-mantling deposit (Figure 10c) . The grooved and dark-mantling material are consistent with downrange scouring by high-speed ricochet debris and ejecta, subsequently covered by impact melt (now undergoing reworking). A large elongate dark deposit halfway around the planet (crossing Utopia/Elysium Planititia in Amenthes) from Hale coincides with the downrange trajectory, after corrections are made for Coriolis forces ( Figure 11 illustrates the expected distal ejecta thicknesses for Hale based on equation (6). In this case, thickness estimates are not extrapolated from experiments; rather, only the relation between downrange-ejected mass (scaled to projectile mass) and velocity is adopted. The calculations then assess the consequences for 0.5 to 2.0 projectile masses comprising the total amount of downrange-directed ejecta retained on (Figure 7a) shows the extensive dark materials surrounding the rim. Lighter colored eolian sediments mantle the interior Viking photomosaic MC20-NW. Figure 7b provides a close view of isolated dark mesas (arrows) representing inverted topography within heavily etched terrains west of Syrtis Planum. The dark, resistant materials could represent thick suevitic ejecta from the adjacent craters Antoniadi or Baldet that were trapped in valleys and craters. Locally enhanced gradation removed friable materials but left the more resistant, welded ejecta in relief. The dashed arrow indicated heavily etched remnants of a secondary crater chain from Baldet. Viking I Image 179-S12.
Mars. This assumption is consistent with estimates for distal deposits from major terrestrial craters, e.g., Chicxulub. The component from Hale is dispersed over an azimuth of 45°( conservative) with a launch angle of 10°from the horizontal. Figure 12a reveals that the 1/r thinning (equation 10) disappears at large distances as great circles bounding the lateral dispersion downrange become parallel at ballistic ranges approaching a 90°arc distance. Within 1000 km of the antipode, convergence then results in ejecta thickening.
[62] Three processes will modify detailed predictions based only on equations describing the ballistics. First, they could be modified due to more realistic conditions at impact: vapor cloud interactions, topography, and even impactor shape. Close to the crater rim, initially low-angle trajectories result in significant scouring, rather than simple deposition as shown in Figure 10b . Second, re-entry and atmospheric circulation may deflect the finer debris from the downrange trajectory at greater distances (500 -1000 km) as recently explored by Cho and Stewart [2003] . Third, Coriolis forces offset the trajectories of distal, higher angle ejecta (45°) and result in the net accumulations at high latitudes of the opposite pole [see Wilbur and Schultz, 2002] . Nevertheless, the distribution depicted in Figure 12 provides a first-order estimate for the mobile dark deposits resulting from low-angle ejecta north of Hale (Figures 10c and 11a ) and the enigmatic Amenthes streak nearly antipodal to Hale (Figure 11b) .
[63] Figure 13 allows a general comparison between the ejecta distributions from the oblique impact craters Hale (see Figure 10) , the Olympus Mons crater (Figure 9) , and Lyot. Each estimate represents downrange dispersion angles and ejection angles appropriate to the specific example. For the Olympus Mons crater, the downrange dispersion angle is restricted to 10°in order to allow a more direct comparison with the Cerberus deposit. For Lyot, the impact angle is assumed to be 30°with a dispersion angle of 90°and constant downrange ejection angle of 20°. The general absence of secondaries to the south suggest an impact trajectory toward the north. Figure 13 further provides a comparison between the traditional radial ejecta thickness decay estimates (equation 1) for Lyot and the downrange ejecta component. This calculation suggests that much of the northern hemisphere could have received as much as 3 m of impact debris due to the early-stage downrange-directed component, consistent with the firstorder estimates made previously and in Table 3 . In addition to the downrange component, Lyot will disperse a later stage, more radially symmetric excavation component that would amount to 0.1 to 1 m of glassy ejecta within 1000 km. There are over 17 craters on Mars larger than 100 km in diameter that retain secondary craters and are not heavily channeled (e.g., modified by an early epoch of enhanced gradation), consistent with extrapolations from statistics of craters smaller than 50 km dating from the Late Hesperian times.
Survival of Impact Glass
[64] Should tektite-like strewnfields and glassy deposits from such impacts remain on Mars after 1.8 -3.0 Ga? On the Earth, obsidian weathers to clay in 120 to 10 Ma years depending on depositional environments [Forsman, 1984] . Vesicular impact glasses from the Miocene (10.1 Ma) layer in Argentina are more friable than the Pliocene (3.3 Ma) glasses yet retain much of their vitreous nature [Schultz et al., 1999] . As discussed above, these glasses owe their preservation to their burial in thick loess sequences. Glass bombs (fläden) and suevites from the Ries Crater (15 Ma) and the North American strewnfield (35 Ma) also illustrate the survivability of high-silica terrestrial glasses. However, glasses from the Chicxulub impact (65 Ma) typically have largely weathered to smectite or glauconite depending on original composition and specific depositional environment [Izett, 1990; Pollastro and Bohor, 1993; Bohor and Glass, 1995; Smit et al., 1992] .
[65] The Martian environment since at least the Hesperian has been subjected to much less severe chemical weathering processes due to the general absence or ephemeral occurrence of surface water. This observation is underscored by the survival of mafic mineral signatures, even though the details of global and regional climates since the Hesperian remain unknown. Consequently, both high-silica (60 -75%) distal tektite-like glasses and low-silica (45 -60%) proximal impact glass should survive at least since the Hesperian, unless mechanically broken down during subsequent eolian transport. Conversely, regions where in-situ impact glasses Figure 9a provides an overview showing the elongate pattern extending over 1000 km. Figure 9b shows a MOC close-up and reveals that the dark material is a veneer undergoing eolian reworking MOC E03-01587. Figure 8c reveals a 25 kmdiameter oblique impact crater formed in soft eolian deposits superposing the Olympus Mons aureole Viking photomosaic MC8-NE. The trajectory of this impact coincides with the major axis of the Cerberus deposit.
survived, should provide an indicator of chemical weathering rates and processes.
[66] The relatively low viscosity of mafic impact melts permits rapid crystal growth during cooling, in contrast to quenched, vitreous tektites. This is illustrated both in the more mafic Rio Cuarto glasses and in impact glasses produced experimentally [Minitti et al., 2002] . Near-surface deposits of calcium carbonate can contribute to the formation of calcium pyroxene (cpx) glasses, as illustrated in glasses from Argentina and from Chicxulub. The distinction between vitreous impact glasses and crystallized melts, however, is of less importance except to understand the possible range in the types of dispersed impact materials that could be expressed in the spectral record.
[67] Several processes and conditions will enhance the production and generation of impact glasses and by-products on Mars relative to the Earth: no oceans at present (reduced carbonate sequences and greater glass-generating lithologies), lower gradation rates (higher concentrations from distal sources), less atmosphere (reduced dispersal/ disruption during ejection and re-entry), and greater thick- Figure 9 . A 25 km-diameter oblique impact on Lunae Planum and possibly related to dark materials downrange. The oblique impact (arrow) also exhibits an unusual uprange swirl that could be related to an uprange reverse plume, similar to uprange deposits found on Venus. Downrange dark deposits fan-out and drape western Lunae Planum and eastern Kasai Valles. These deposits have been redistributed by either atmospheric winds during formation or later eolian processes. Viking Photomosaic MC10-NE. ness of loess (greater production of melt, survival after impact, and contributions to lag deposits after deflation).
Remote Sensing
[68] Orbital [Mustard et al., 1993 [Mustard et al., , 1997 and Earth-based [Singer et al., 1979; McCord et al., 1982; Bell et al., 1997] spectral reflectance data of weakly altered dark surface materials on Mars generally indicate a mafic to ultramafic composition, consistent with volcanic emplacement styles inferred from the surface record. Rigorous modeling of complex systems of several mineral components showed that the simplest acceptable fit between laboratory and orbital ISM data for some low-albedo regions consisted of low-and high-calcium pyroxenes and ferric oxides [Mustard and Sunshine, 1995] .
[69] Dark plains and mobile materials in some regions (e.g., Acidalia Planitia), however, do not exhibit the same suite of absorption features [Merényi et al., 1996a [Merényi et al., , 1996b . Thermal inertia measurements [Merényi et al., 1996a [Merényi et al., , 1996b Christensen, 1986] indicate that Acidalia Planitia is covered by 5 -20% ''rock'' (i.e., solid debris 4 -50 cm in diameter). The natural assumption is that this dark rocky material represents a mafic material derived from igneous processes, e.g., basaltic lava flows. Curiously, however, this Figure 10 . The 125 km Â 150 km oblique impact crater Hale (Figure 10a ) and associated dark materials nearby. The Hale impactor struck the outer scarp of the Argyre basin at a highly oblique angle from the southeast and produced extensive downrange secondaries (arrow) and scouring to the northnorthwest toward Valles Marineris (Figure 10b ) MC26NC. High-resolution MOC images Figures (10c  and 10d) reveal dunes of dark material (right) filling extensive grooves that radiate from Hale (MOC-M10-00407 and 00406, respectively). It is suggested that this material could be reworked impact-melt breccias.
dark material does not exhibit the expected absorption bands in the reflectance data [McCord et al., 1982; Bell et al., 1997; Moersch et al., 1997] , thereby leading to the conclusion that this material may be characterized by abundant high-Ca pyroxenes and/or olivine, mafic glass, coatings or other physical factors [Merényi et al., 1996a] .
[70] Results from the global characterization of surface materials from the Thermal Emission Spectrometer (TES) on the MGS spacecraft distinguish two mineralogically different dark materials [Bandfield et al., 2000; Christensen et al., 2001] as shown in Figure 14 . Type I materials, typified by Syrtis Major, are best modeled as a mixture of feldspars (50%) and clinopyroxene (25%) with some fraction of unspecified sheet silicates (15%) and the remainder consisting of minerals at abundance levels considered to be below the detection limits of TES. This composition has been reassessed by several investigators who arrive at similar relative mineral abundances [Hamilton et al., 2001; Wyatt and McSween, 2002] . The composition of Type II materials is more uncertain. Bandfield et al. [2000] calculated a best fit mineral assemblage of 35% feldspar, 25% high silica obsidian glass, <10% clinopyroxene and <15% sheet silicates.
[71] The determination of 25% obsidian glass presented significant challenges to understanding the petrologic evolution of the northern plains. Also, the uniqueness of the mineralogic inversion was questioned by Minitti et al. [2002] and Noble and Pieters [2001] who suggested that ultramafic glass and/or weathering products (e.g., clays) might provide viable spectral alternatives to obsidian glass. Wyatt and McSween [2002] then demonstrated that a miner- Figure 11 . Global views of oblique impacts and possible downrange strewnfields of impact melt breccias, impactites, and tektites. Figure 11a shows the inferred great circle trajectories of Hale ( Figure 10 ) and a crater in Lunae Planum , LP (Figure 8 ) as solid lines with symbols indicating the effect of Coriolis forces. Figure 11b shows the impact trajectory for the crater near Olympus Mons (OM) that coincides with the dark Cerberus area as well as the antipodal region of Hale, which coincides with the Amenthes dark deposit, after correction for the Coriolis effect. Figure 12 . Downrange ejecta thicknesses produced by the downrange component for different assumptions for the total mass (0.5, 1.0, and 2.0 projectile masses) retained on Mars. Thickness values correspond to the ejecta volume per unit area (and divided by bulk density) that arrives at distance from Hale. Near the crater, the low impact angle will result in scouring and redeposition downrange. Far from the crater, this component will re-enter the atmosphere. The earliest component (farthest) will be least deflected by the tenuous atmosphere during launch due to the high velocities. Launch angle is assumed to be 10°and dispersed laterally over an azimuth angle of 45°. alogic assemblage consisting of feldspar, clinopyroxene, and alteration products (clays) provides a fit to the spectral observations equal to that of Bandfield et al. [2000] and Hamilton et al. [2001] . These differing compositions for the northern plains are significant: the Bandfield et al. [2000] result requires a change in magmatic processes to explain the high silica content while the Wyatt and McSween [2002] result involves weathering and/or alteration in the presence of water. Regardless, the northern plains are mineralogically distinct from the Type I basalts, though the Wyatt and McSween [2002] results suggests a simple relationship through alteration.
[72] Consequently, several independent observations based on spectroscopy point to the compositionally distinct surface units in Acidalia Planitia. Impact craters on these plains typically excavate lighter colored units from below a dark surface unit. Even small (0.5 km) craters excavate this lighter underlying substrate and contribute to the distinctive mottled appearance. The darker unit, therefore, appears to represent a relatively thin (10 -100 m) veneer. The northern plains also have undergone significant burial and deflation as expressed by muted craters in the underlying plains and relict plateaus and pedestal craters in the overlying but heavily stripped unit [Arvidson et al., 1976; Schultz and Lutz, 1988] . Even ejecta deposits from the large (225 km) crater Lyot have been affected by these processes (Figure 13) .
[73] Statistics of large pedestal craters (central crater larger than 5 km) demonstrate that the stripped, highlatitude (>45°) surficial units extend back to at least 1 Ga [Schultz and Lutz, 1988] . From either simplified calculations (Tables 2 and 3 Figure 15 shows large secondary Lyot craters in the northern plains that exhibit inverted topography, i.e., originally low-lying crater floors now stand in relief with missing rims. Consequently, these calculations and comparisons with Chicxulub predict that meters of impact debris with a significant glass component should be expected in the northern plains, whether from Lyot or small craters. This glassy material may account for the high abundance of glass modeled with TES data [Bandfield, 2000; Hamilton, 2001] . Conversely the presence of abundant ultra-mafic glasses may explain the weathered clay signature due to susceptibility to alteration.
[74] Some low-albedo deposits exhibiting Fe 2+ bands and crystalline hematite signatures could represent impactmelted mafic materials that underwent rapid crystallization during cooling or high-temperature alterations. For example, the dark mantling deposits defining Meridiani Sinus exhibit both a pyroxene Fe 2+ band and the strongest vis-NIR bulk crystalline hematite signature in the region [McCord et al., 1982; Bell et al., 1990 Bell et al., , 1997 . At least some of these dark materials are coming from etched ejecta deposits of Schiaparelli Crater (Figure 7a ) and could be newly exposed crystalline and glassy melt products, a large-scale analog for processes exposing impact materials around the pedestal crater in Figure 6 and elsewhere in and around Arabia. The dark materials of Oxia Palus being derived from crater-floor trapped sequences may represent winnowed impact glasses , and Lyot (225 km in diameter) assuming that the total contribution corresponds to one projectile mass. The downrange ejection and azimuthal dispersal angles correspond to 10°and 10°, 10°and 45°, and 30°and 90°for OM, Hale, and Lyot respectively. The downrange thicknesses for Hale approach those for Lyot due to the lower angle of impact resulting in a greater concentration over a smaller azimuthal angle. These distributions may not apply beyond the antipode due to uncertainty on the state of the material, asymmetries created by topography or projectile shape, and interactions with the concomitant vapor cloud during launch. from Lyot. Similarly, the Type II spectral materials northwest of the Isidis basin (Figure 7b ) could represent more ancient impact melt materials from Isidis or the more recent (but still Noachian) craters Antoniadi and Baldet.
Pathfinder
[75] The high-resolution view from the Pathfinder Lander was expected to reveal strong, mafic absorptions in the IMP camera data for at least some of the rocks exposed at the site, based on the assumption that most blocky exposures on Mars should be primarily igneous materials. Pathfinder spectra of individual rocks, however, did not reveal the expected diagnostic pyroxene bands, even though the rocks exhibited the low albedo and vesiculation expected for basaltic material [Rieder et al, 1997] . Moreover, preliminary chemical compositional analyses from the APXS revealed unexpectedly high values of silica and potassium, thereby leading to the suggestion that some of these materials could be andesites [Smith et al., 1997; McSween et al., 1999] . Although more recent analyses,indicate more mafic SiO 2 levels from nearly 46% to 54% [Economu et al., 2003] , the K 2 O and Na 2 O levels remain at levels of $1 wt.% and 3.2 -4.9 wt.%, respectively, as well as significant water. One initial explanation for the chemistry was that some of the high normative feldspar contents might be impact melts. Retention of volatile alkalis (Na and K), however, was considered problematic [Rieder et al., 1997] . This issue remains in the more recent analyses. Such a concern is unfounded since many impact glasses derived from loess in Argentina also do not exhibit depletions in K 2 O, Na 2 O, and even water.
[76] The Pathfinder team concluded that debris at this site was largely derived from deposits from the outflow from Ares Valles outflow and that contributions from nearby craters were relatively unimportant [Smith et al., 1997] . Table 4 re-examines the contribution of ejecta from various nearby source craters using ejecta scaling relations. This calculation reveals that almost a meter of ejecta could have arrived at this site. The most important contributor is clearly the nearby ''Big Crater'', which could have been responsible for seven blocks in a square meter area if all this ejecta arrived as 0.5 m blocks. In reality there will be a range of ejecta sizes with the smallest fractions entrained in atmospheric vortices, and impact-melt breccias produced from fine particulate eolian sediments do not exhibit the same size distribution as fragmentation processes in hard substrates. The extensive field of secondary craters nearby indicates that either dark surface materials have been exposed or primary debris (dark impact glass?) was dispersed downrange and further contribute to debris at the Pathfinder site.
[77] The principle difference between conclusions here and those of Smith et al. [1997] is the new insight from the Figure 14) . The dark, low-lying regions of Acidalia (MA) and Vastitas Borealis also correspond to Type II and might be related to lag deposits of impact glass from Lyot and other Hesperian craters. Only the largest or most recent strewnfields should be identifiable. The widespread dark materials downrange from Hale (H) and similar-appearing materials around Schiaparelli (S) are classified as Type I materials and could represent more crystallized impact glasses. Figure 15 . Large secondary craters from Lyot in the northern plains (top arrows). Deflation of easily eroded eolian deposits within the northern plains (see pedestal crater lower left) has resulted in inverted topography, i.e., the floors of the secondaries now stand above the deflation surface. Such features suggest that widely dispersed impact glass from Lyot and other craters should form a lag deposit, perhaps contributing to the ''andesitic'' glassy Type IIsurface type in the region. Viking photomosaic MC-S-NW.
Argentine impact sites. As a first step in looking at possible contributions from ejecta, reflectance spectra of a range of impact glasses and substrate materials from Argentina were acquired using two instruments. The NASA RELAB facility provided accurate, high quality reflectance spectra while an ASD FieldSpec FR spectrometer outfitted with a 100 watt collimated light source from Oriel allowed rapid investigation of sample surfaces and textures (Figure 16 ). Though the ASD spectra have high precision and the general shape of the spectra are accurate, absolute intensities of the spectra is less well controlled due to the measurement design. The spectra from the fresh interior and unaltered surfaces of the impact glasses exhibit a generally low reflectance (5 -10%) and a neutral spectrum (e.g., few distinct features). Absorption bands, when present, are broad (%600 nm FWHM) and weak (%10-20%). With progressive oxidation or mixing with unmelted target loess, the reflectances increase and absorption bands associated with hematite begin to develop. This progression is similar to that observed in Manacouagan impact melt rocks [Morris et al., 1995] . However, the samples in that study exhibited well-defined mafic mineral absorptions due to the slow cooling of the thick melt sheet.
[78] In the 1.00 mm wavelength region, critical for mafic mineral identification, the unaltered and oxidized glasses from Argentina (Figure 16 ) all exhibit a flat to slightly negative continuum slope, virtually identical to the spectra observed at the Mars Pathfinder landing site [Smith et al., 1997] . The general shape in this spectral region is controlled by the iron-bearing mineralogy, rather than by silica content. Since there are no well-developed crystalline phases in these particular glasses, they exhibit no distinct spectral features. The broad, weak ferrous glass absorptions occur at longer wavelengths, and the short wavelength wing of this absorption is responsible for the slightly negative continuum slope between 0.75 and 1.0 mm. With increasing presence of ferric oxides due to alteration during cooling, the 0.4 -0.5 mm spectral region remains relatively dark while the 0.7 -1.0 mm region shows an increase in reflectance, and the development of weak ferric oxide absorptions. However, the 0.75-1.0 mm region continues to show the same weak negative continuum. Spectra that exhibit a range of albedos with broadly similar spectral properties but with a minor increase in ferric oxide absorptions with albedo characterize the properties of both the Mars Pathfinder landing site and the Argentina impact glasses.
[79] If the Pathfinder site is as pristine as proposed [e.g., Golombek and Bridges, 2000], then it places severe constraints on erosion rates. Well-preserved debris from the outflow channels also requires the presence of a significant accumulation of ejecta materials. If such ejecta are now missing (eroded), then this site could not be pristine.
Concluding Remarks
[80] Mars exhibits a rich record of diverse, earth-like processes. It also retains an impact record extending back billions of years, unlike the Earth. Earlier studies based on Viking images documented these ancient surfaces that are buried by kilometer-thick eolian deposits in some regions but are currently being exhumed in others. Recent MOC images now underscore the importance of this process globally. The combination of an active eolian history with a well-preserved impact record requires that any given area has accreted significant impact debris. In some regions, this debris is now archived as layers within thick eolian deposits. In other regions, eolian erosion has concentrated this debris into near-surface lags as ancient surfaces emerge from below protective layers. The Argentine loess sequences on Earth have accumulated deposits 500 times longer than North American sequences but 200 times shorter than on Mars. Extrapolating the Argentine impact record having similar deposits to Mars (with much drier conditions and much lower atmospheric pressure) predicts a previously unappreciated record of glassy impact debris. Predictions and observations include the following.
[81] 1. Tektite-like strewnfields should occur and may be expressed by dark materials downrange from young oblique impact craters.
[82] 2. Thick deposits (>10 m) of distal impact melts and glasses produced by major impacts since the late Hesperian Figure 16 . Comparison of reflectance spectra for different types of Rio Cuarto impact glass (curves) and data for different rocks at Pathfinder [Smith et al., 1997] . Different types of glass correspond to different degrees of total melting. The close match between the impact glass and the Pathfinder data may indicate similar processes for origin, rather than composition. Impact glasses contain different amounts of unmelted mineral clasts from the loess (from 5% to 60%) from which they were derived. The darker impact glasses contain greater amounts of melted opaques (e.g., iron oxides). and could provide an alternative interpretation for glassy andesitic materials (and perhaps certain mafic deposits) based on spectral reflectance and the TES instrument.
[83] 3. The extensive loess deposits on Mars should enhance the generation and preservation of glassy impact debris.
[84] 4. Mechanical breakdown of vesicular impact-melt breccias similar to Argentine impact glasses over time will result in heavy mineral clast-laden fragments contributing to the saltation component, perhaps represented by dark dunes within exhumed craters (e.g., Arabia) or even the circumpolar dune fields.
[85] 5. Spectra of Argentine impact glasses resemble certain blocks at the Pathfinder landing site.
[86] 6. Dark layers being weathered out of thick crater floor deposits or exposed in etched terrains could be impact melt-matrix breccias, in addition to the normally assumed volcanic materials.
[87] 7. The enigmatic ''dark'' streaks extending down back-wasted cliffs in Arabia and Memnonia could represent the talus of freshly exposed pockets of impact-melt breccias and glasses (buried crater floors or secondaries) that rapidly breakdown upon exposure and during downslope transport.
[88] We normally think of the dark markings of Mars and all surface deposits as primary materials deposited from past volcanic eruptions or excavated basement by a nearby impact. What if our initial interpretations are wrong? If some of the dark mobile materials on Mars are in fact impact derived or if some of the blocks at Viking and Pathfinder landing sites are melt products rather than primary igneous materials, then our strategies for future sampling may be affected or misinterpreted. Nevertheless, the possible contributions of impact melt (glass, devitrified glass, and crystallized melts) to the Martian surface may provide valuable calibration for current and past weathering rates.
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